We show that Py, a commonly-used soft ferromagnetic material with weak anisotropy, can become perpendicularly-magnetized while depositing on Ta buffer layer with Hf or Zr insertion layers (ILs) and MgO capping layer. By using two different approaches, namely harmonic voltage measurement and hysteresis loop shift measurement, the dampinglike spin-orbit torque (DL-SOT) efficiencies from Ta/IL/Py/IL/MgO magnetic heterostructures with perpendicular magnetic anisotropy are characterized. We find that though Ta has a significant spin Hall effect, the DL-SOT efficiencies are small in systems with the Ta/Py interface compared to that obtained from the control sample with the traditional Ta/CoFeB interface. Our results indicate that the spin transparency for the Ta/Py interface is much less than that for the Ta/CoFeB interface, which might be related to the variation of spin mixing conductance for different interfaces. † These authors contributed equally to this work. 
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Current-induced spin-orbit torque (SOT) is an efficient mechanism to drive magnetic dynamics, [1] [2] [3] domain wall motion, 4, 5 as well as magnetization switching [6] [7] [8] in various magnetic heterostructures.
These heterostructures typically consist of a heavy metal (HM)/ferromagnetic metal (FM) bilayer or a HM/FM/oxide trilayer design. When a charge current is flowing in the HM layer with large spin-orbit interaction, such as Ta, W, or Pt, the spin Hall effect (SHE) 9 therein generates a transverse spin current that will flow into the FM layer. However, the transmission of this spin current or spin transparency at the HM/FM interface will also strongly affect the resulting SOT efficiency acting on the FM layer, as can be seen in various Pt/FM heterostructures. 10, 11 The effective dampinglike SOT (DL-SOT) efficiency of a particular heterostructure therefore should be expressed as The Ta/IL/Py/IL/MgO heterostructures studied in this work were deposited via standard direct current (DC) sputtering (with RF magnetron sputtering for the MgO layer) onto Si/SiO2 substrates.
The base pressure was kept We first present the magnetic properties and SOT properties from Ta/Py/Hf/MgO samples. The magnetic properties of Ta/Py/Hf/MgO heterostructures were characterized by vibrating sample magnetometer (VSM). The effective saturation magnetization of Py in the Ta/Py/Hf/MgO system is found to be Ms = 1079 emu/cm 3 with a magnetic dead layer of dead t ~ 0.9 nm, as shown in Fig. 2 
(a).
It is noted that because of the relatively thick dead layer in the Ta/Py/Hf/MgO heterostructure, the effective Ms is greater than the bulk value. field is to break the inversion symmetry and/or realign the chiral domain wall moments. 18 The spin current generated from the SHE of the Ta buffer layer can exert DL-SOT on the contiguous FM layer, which can further switch the magnetization direction therein. As shown in Fig. 2(d , which is consistent with the conventional DL-SOT switching scenario in other Ta-based devices. 7 The steps in the switching loop can be considered as the evidence of current-driven domain wall motion in these micron-sized devices.
In order to determine the strength of the SOTs in our perpendicularly magnetized Py samples, we first performed the harmonic voltage measurements on a Ta(6)/Py(1.4)/Hf(0.2)/MgO(2) Hallbar device, with the measurement schematics shown in Fig. 3(a) . An AC current (f ~ 1000 Hz) was applied along the x direction of the sample while the sample was also kept under a sweeping magnetic field along either the longitudinal (Hx) or transverse (Hy) direction. The first and second harmonic anomalous Hall (AH) voltages were measured from the transverse Hall channel. As shown in Fig. 3(c For further characterizing the DL-SOT efficiency of Ta/Py/Hf/MgO heterostructures that is more pertinent to the nature of magnetization switching, we also performed current-induced hysteresis loop shift measurement on the above-mentioned patterned Hall-bar devices, as shown in 8 Fig. 3(b) . While injecting DC currents into the Hall-bar devices, we again have to apply an in-plane field in order to break the symmetry and/or realign the domain wall moments thus the DL-SOT generated from the buffer layer can act on the magnetic moment in the Py layer. Representative results from a Ta(6)/Py(1.5)/Hf(0.2)/MgO(2) device are shown in Fig. 4(a) , in which the DL-SOTgenerated out-of-plane effective field eff z H can be detected through the shift of AH loops. Fig. 4(b) shows that the Ta/Py/Hf/MgO heterostructure has good thermal stability since the current-induced joule heating has little effect on the coercive field of the Ta/Py heterostructure. The linear trend of The current-induced effective field per current density is typically expressed as 
where Ms is the saturation magnetization determined by VSM. The DL-SOT efficiency is therefore 
